Quantum-mechanical entanglement of three 1, 2 or four 3,4 particles has been achieved experimentally, and has been used to demonstrate the extreme contradiction between quantum mechanics and local realism 5, 6 . However, the realization of five-particle entanglement remains an experimental challenge. The ability to manipulate the entanglement of five or more particles is required 7, 8 for universal quantum error correction. Another key process in distributed quantum information processing 9, 10 , similar to encoding and decoding, is a teleportation protocol 11, 12 that we term 'open-destination' teleportation. An unknown quantum state of a single particle is teleported onto a superposition of N particles; at a later stage, this teleported state can be read out (for further applications) at any of the N particles, by a projection measurement on the remaining particles. Here we report a proofof-principle demonstration of five-photon entanglement and open-destination teleportation (for N 5 3). In the experiment, we use two entangled photon pairs to generate a four-photon entangled state, which is then combined with a single-photon state. Our experimental methods can be used for investigations of measurement-based quantum computation 9, 10 and multi-party quantum communication 13, 14 . In our experiment, the way to entangle five photons is a straightforward generalization of the schemes suggested for observation of three-and four-photon Greenberger-Horne-Zeilinger (GHZ) entanglement 15, 16 . We start from two polarization-entangled photon pairs, 2-3 and 4-5, which are in the state jF þ l (Fig. 1a) . We use the usual Bell states
where H and V denote respectively horizontal and vertical linear polarizations, and i and j index the spatial modes of the photons. One photon out of each pair (3 and 4) is then steered to a polarizing beam splitter (PBS) where the path lengths of each photon have been adjusted such that they arrive simultaneously. Because the PBS transmits H and reflects V polarization, coincidence detection between the two outputs of PBS 34 implies that either both photons 3 and 4 are H-polarized or both are V-polarized, and thus projects the four-photon state onto a two-dimensional subspace spanned by jHl 2 jHl 3 jHl 4 jHl 5 and jVl 2 jVl 3 jVl 4 jVl 5 : After PBS 34 , the renormalized state corresponding to a fourfold coincidence (before photon 2 passes through PBS 12 ) is
which exhibits four-photon GHZ entanglement 4, 15 . To generate five-photon GHZ entanglement, we further prepare photon 1 in the state 1 ffiffi 2 p ðjHl 1 þ jVl 1 and adjust the path lengths of photons 1 and 2 such that they also arrive at PBS 12 simultaneously. Then, we see that after the photons pass through the two PBS, the state corresponding to a fivefold coincidence is given by:
This is exactly a five-photon GHZ state. The scheme described above deserves some further comments. First, the five-photon entanglement here is observed only under the condition that there is one and only one photon in each of the five output modes. This post-selective feature, however, does not prevent us from performing an experimental test of quantum nonlocality 5, 6 or in-principle verification of elements of linear optical quantum information processing 17, 18 . Moreover, the set-up sketched in Fig. 1a can also be used to realize open-destination teleportation, which can be viewed as encoding followed by decoding. In the open-destination teleportation scheme, we use the four-particle GHZ state (equation (2)) as the resource and photon 1 as the 'teleportee'. To see this, we consider a specific example (Fig. 1b) . Suppose that photon 1 is in a general unknown polarization state jWl 1 ¼ ajHl 1 þ bjVl 1 : In order to overcome the unavoidable decoherence effect on the state jWl 1 ; one could exploit quantum error correction. For example, to detect and correct the bit-flip error 8, 19 , we could encode the unknown state of photon 1 into a three-qubit superposition, say jWl 345 ¼ ajHl 3 jHl 4 jHl 5 þ bjVl 3 jVl 4 jVl 5 : Note that, to realize universal 12 and PBS 34 , conditional on detecting one photon in each of the five output modes, the five photons will exhibit five-photon Greenberger-HorneZeilinger (GHZ) entanglement. b, The GHZ entanglement source emits a four-photon maximally entangled state jFl 2345 ¼ 1 ffiffi 2 p ðjHl 2 jHl 3 jHl 4 jH l 5 þ jV l 2 jV l 3 jV l 4 jV l 5 Þ: Photon 1 is in a general unknown polarization state jWl 1 ¼ ajH l 1 þ bjV l 1 : By performing a joint Bell-state measurement (BSM) between photons 1 and 2, we can follow the teleportation protocol to transfer the initial state of photon 1 to a multi-particle superposition jWl 345 ¼ ajH l 3 jH l 4 jH l 5 þ bjV l 3 jV l 4 jV l 5 : Moreover, by further performing a polarization analysis on any two of the three photons 3, 4 and 5 in the þ /2 basis one can convert the remaining photon into the initial state of photon 1.
quantum error correction, a more complicated encoding procedure is needed.
To achieve the three-qubit encoding, we first prepare photons 2, 3, 4 and 5 in the four-photon GHZ state jFl 2345 of equation (2) . Then, using the four Bell states of photons 1 and 2 the overall state of the five photons can be rewritten as:
This implies that a joint Bell measurement on photons 1 and 2 would thus project the state of photons 3, 4 and 5 into one of the four corresponding states, as shown in equation (4). Depending on the measurement results on photons 1 and 2, one can then perform a local unitary transformation, independent of jWl 1 ; on photons 3, 4 and 5 to convert the state into a three-particle superposition of jWl 345 : This is how encoding works. During the encoding operation, the unknown state of a single particle is teleported onto a threeparticle superposition, and can thus be protected against bit-flip error 8, 19 . To demonstrate the working principle of the encoding operation, it is sufficient to identify one of the four Bell states (say, jF þ l 12 ) although this results in a reduced efficiency-the fraction of success-of 25%. The encoding operation can be achieved using the set-up shown in Fig. 1a . First, the set-up provides the necessary four-photon GHZ entanglement jFl 2345 after photons 3 and 4 passes through PBS 34 . Second, as demonstrated in a recent experiment 4 , the projection onto state jF þ l 12 can be accomplished by performing a joint polarization measurement in the þ /2 basis behind PBS 12 , where j^l ¼ 1 ffiffi 2 p ðjHl^jVlÞ: As stated in ref. 6 , registering a j þ l 1 j þ l 2 or j 2 l 1 j 2 l 2 coincidence acts as a projection onto jF þ l 12 : This projection leaves photons 3, 4 and 5 in the state:
At a later stage, we can then use the decoding operation to read out or apply desired specific operations on the unknown state for further quantum information processing. To do so, we perform a local polarization measurement on two of the three photons 3, 4 and 5 in the þ /2 basis. For example, if we perform a^polarization analysis on photons 4 and 5, and if the measurement results on these two photons are the same -that is, j þ l 4 j þ l 5 or j 2 l 4 j 2 l 5 -then photon 3 is left in the state jWl 3 ¼ ajHl 3 þ bjVl 3 : If the results are opposite, namely j þ l 4 j 2 l 5 or j 2 l 4 j þ l 5 ; then photon 3 is left in the state ajHl 3 2 bjVl 3 : In the second case, one can simply perform a local phase flip operation on photon 3 to convert its state into jWl 3 ; that is, the original state of photon 1. We can thus teleport the unknown quantum state from photon 1 to photon 3.
We note that, in a similar manner, the initial state of photon 1 can also be teleported either onto photon 4 or photon 5 by performing a polarization measurement either on photons 3 and 5 or on photons 3 and 4 in the þ /2 basis. In contrast to the original teleportation scheme 11 , after the encoding operation the destination of teleportation is left open until we perform a polarization measurement on two of the remaining three photons. This implies that, even though photons 3, 4 and 5 are far apart, one can still choose which particle should act as the output-that is, the particle to which the initial state of photon 1 is transferred 12 . This is why we have called such an encoding-decoding procedure 'open-destination' teleportation. It is therefore a generalization of standard teleportation, in which no prior agreement on the final destination of the teleportation is necessary. Open-destination teleportation is possible if the parties initially share a multi-party entangled state, such as the GHZ state, but more generally any graph state 20 (of which the cluster state 21 is another example) can be used. Graph states are natural generalizations of the Einstein-Podolsky-Rosen (EPR) state, which plays a key role in novel schemes of quantum information processing 21 . A potential application of the open-destination teleportation is the scheme of quantum computation introduced by Gottesman and Chuang 9 , using GHZ states and teleportation as a resource to realize quantum gates. Similarly, the ability to establish flexible teleportation channels with an entangled (cluster) state is a central ingredient in the one-way quantum computer 10 . Although our scheme to manipulate five-photon entanglement is theoretically simple, its experimental realization is very challenging. So far, spontaneous parametric down-conversion (SPDC) is still the best source of entangled photons, which is therefore used as the basic entanglement resource in the present experiment. However, owing to the probabilistic feature of SPDC, the coincidence count rate in our five-photon experiment would be very low. To overcome To prepare the desired stable high-intensity source of entangled photons, various methods have been used. First, we properly focus the infrared pulse on the LBO crystal to achieve the best up-conversion efficiency. Meanwhile, to avoid damage to the LBO crystal caused by the focusing laser beam, we assemble the LBO crystal in a closed but transparent tube of oxygen. Second, by using a compact set-up and by focusing the UV pump onto the BBO crystal, we achieve both better collection efficiency and production rate of entangled photon pairs. Third, two CCD cameras (not shown) are used to monitor the laser beam direction. Thus, with the help of a feedback loop we can well stabilize the beam direction. In this way, we managed to obtain an average UV pump power of 480 mW and observe an average twofold coincidence of 2. this difficulty, we combine a high-intensity source of entangled photons and a source of pseudo-single photons so that we can collect enough experimental data to confirm the existence of fivephoton entanglement within a reasonable time.
A schematic drawing of our experimental set-up is shown in Fig. 2 . In the experiment, a light pulse from a mode-locked Ti:sapphire laser (with a duration of 200 fs, a repetition rate of 76 MHz and a central wavelength of 788 nm) first passes through a frequency doubler, that is, the LBO crystal (LiB 3 O 5 ). Behind the LBO, three dichroic beamsplitters (DM) are used to separate the mixed ultraviolet (UV) and infrared light components. The UV pulse further passes through a b-barium borate (BBO) crystal twice to generate two entangled photon pairs in the input modes 2-3 and 4-5 22 , where both pairs are in the desired Bell state, jF þ l: The Figure 3 Experimental results showing the procedure used to achieve perfect temporal overlap for photons 1 and 2 and for photons 3 and 4. a, The two fourfold coincidence curves were obtained for the polarization settings of j þ l 2 j þ l 3 j þ l 4 j þ l 5 and j þ l 2 j þ l 3 j þ l 4 j 2 l 5 as a function of the position of the Delay 1 mirror. During the measurement, PBS 34 was inserted into the crossing position of modes 3 and 4 while PBS 12 was lowered out of the crossing position of modes 1 and 2. Photon 2 was registered by D1. By fixing the Delay 1 mirror to the position where we observe the best four-photon interference visibility (that is, the centre of the peak and dip) we can achieve perfect temporal overlap for photons 3 and 4. Thus, the fourfold coincidence among the detectors D1, D3, D4 and D5 corresponds to the four-photon GHZ state of equation (2) 15 . The coherent superposition between the termsjH l 2 jH l 3 jH l 4 jH l 5 and jV l 2 jV l 3 jV l 4 jV l 5 was confirmed with an excellent interference visibility of 82%. b, The two threefold coincidence curves were obtained for the polarization settings of j þ l 1 j þ l 2 j þ l 3 and j þ l 1 j þ l 2 j 2 l 3 as a function of the Delay 2 position. Here, PBS 12 was inserted into the crossing position of modes 1 and 2 while PBS 34 was lowered out of the crossing position of modes 3 and 4. Photon 3 was registered by D4. Similarly, by setting the Delay 2 position to the centre of the peak and dip of the threefold coincidence, we can achieve perfect temporal overlap for photons 1 and 2. At zero delay, the threefold coincidence among the detectors D1, D2 and D4 is a post-selective three-photon GHZ entanglement 16 . In our three-photon entanglement, the visibility was observed to be 68%. After achieving the perfect time overlap between photons 1 and 2, PBS 34 was raised back to its original position to implement five-photon entanglement. The error bars here and in Fig. 4 are defined as the square root of the observed multi-fold coincidence. Figure 4 Experimental results for the observation of five-photon entanglement. a, To verify that five-photon GHZ entanglement has been successfully generated, we first measure the 32 possible components in the H/V basis. The measurement results show that the signal-to-noise ratio, that is, the ratio of any of the desired components to any of the 30 other non-desired ones, is about 40:1 on average. This confirms that within the experimental precision only the desired HHHHH and VVVVV terms are present. b, To further demonstrate that these two terms are indeed in a coherent superposition, we also perform a joint polarization measurement on all five photons in the þ /2 basis. The two curves were obtained for the polarization settings of j þ l 1 j þ l 2 j þ l 3 j þ l 4 j þ l 5 and j þ l 1 j þ l 2 j þ l 3 j þ l 4 j 2 l 5 as a function of the position of the Delay 1 mirror with the position of the Delay 2 mirror fixed, which confirms the coherent superposition of the HHHHH and VVVVV terms with a visibility of 59%. In the experiment, the non-desired components are mainly due to the limited quality of the polarization optics and the double emissions in the source of single and entangled photons. The double emissions contribute around 3% to overall fivefold events. Without additional assumptions, it is not possible to use the above data to give an explicit estimation of the fidelity of our five-photon entanglement. However, if we are allowed to assume that the non-desired components in the H/V basis contribute equally to the j þ l 1 j þ l 2 j þ l 3 j þ l 4 j þ l 5 and j þ l 1 j þ l 2 j þ l 3 j þ l 4 j 2 l 5 terms, the fidelity for our five-photon source to be in the state jFl 12345 is estimated to be 68%. Assuming that the non-desired components only contribute to the j þ l 1 j þ l 2 j þ l 3 j þ l 4 j 2 l 5 term, a lower bound of the fidelity is estimated to be 55%.
transmitted near-infrared pulse is attenuated by combining a beam attenuator ('Atten.' in Fig. 2 ) and a polarizing beam splitter (PBS) to a weak coherent state such that there is only a very small probability of containing a single photon for each pulse (,0.05 in our experiment). We can thus prepare the required single photon state 16 . Note that such a pseudo-single photon source has been used in numerous experiments 23, 24 . Throughout the experiment, the coincidence time-window is set to be 4 ns, which ensures that accidental coincidence is negligible.
In order to prepare a stable high-intensity source of entangled photons, various efforts have been made (see Fig. 2 legend) . Compared to the source of entangled photons developed in the recent experiments 25 , our source is not only brighter, but, most significantly, it is also ultra-stable-it can be easily stabilized for a couple of days.
Implementation of five-photon entanglement requires that photons 1 and 2 (3 and 4) have good spatial and temporal overlap at PBS 12 (PBS 34 ). To achieve this, the two outputs of PBS 12 and PBS 34 are spectrally filtered (Dl FWHM ¼ 3 nm) and monitored by fibrecoupled single-photon detectors 26 . Moreover, perfect temporal overlap is accomplished by observing interference fringes of threeand four-photon entanglement in the þ /2 basis (see Fig. 3 legend). The experimental three-and four-photon interference visibilities were observed to be 68% and 82%, respectively. Remarkably, the observed coincidence rate of our three-photon entanglement source is about 500 s
21
, which is three orders of magnitude higher than in a recent experiment 27 . After achieving perfect time overlap between photons 1 and 2 and between photons 3 and 4, according to equation (3) the fivefold coincidence among the detectors D1, D2, D3, D4 and D5 will then exhibit five-photon GHZ entanglement.
To verify experimentally that five-photon entanglement has been successfully obtained, we first show that under the condition of registering a fivefold coincidence only the jHljHljHljHljHl and jVljVljVljVljVl components are observed, but no others. This was done by comparing the counts of all 32 possible polarization combinations, jHljHljHljHljHl; …, jVljVljVljVljVl: The measurement results (Fig. 4a) in the H/V basis show that the signal-to-noise ratio, defined as the ratio of any of the desired components to any of the 30 other non-desired ones, is about 40:1 on average.
Second, we further perform a polarization measurement in the þ /2 basis to verify that the two terms of jHljHljHljHljHl and jVljVljVljVljVl are indeed in a coherent superposition. Transforming jFl 12345 to the þ /2 linear polarization basis yields an expression containing 16 (out of 32 possible) terms, each with an odd number of j þ l components. Combinations with even numbers of j þ l components do not occur. As a test for coherence we can check the presence or absence of various components. In Fig. 4b we compare the j þ lj þ lj þ lj þ lj þ l and j þ lj þ lj þ lj þ lj 2 l count rates as a function of the Delay 1 mirror position (see Fig. 2 ) while the Delay 2 is at zero delay. When the Delay 1 is also at zero delay, the unwanted terms were found to be suppressed with an average visibility of 0.59^0.07, which is sufficient to violate a five-particle Bell-type inequality imposed by local realism 28 . Therefore, the measurement results in Fig. 4 clearly demonstrate the existence of five-particle entanglement.
We now show how the same set-up can be used to implement The required projection onto jF þ l 12 was achieved by registering a j þ l 1 j þ l 2 coincidence behind PBS 12 . Then, as already discussed, conditional on a j þ lj þ l coincidence detection in the output modes 3 and 4, photon 5 will be left in the initial state of photon 1, that is, the unknown state of photon 1 is teleported to photon 5. In order to demonstrate that the initial state of photon 1 can also be teleported to some other location (for example, location 4 of Fig. 1b) , we can, in a similar manner, perform a polarization analysis on photons 3 and 5 in the þ /2 linear polarization basis. Then, conditional on a j þ lj þ l coincidence detection in the output modes 3 and 5, photon 4 will be left in the initial state of photon 1.
In our experiment, the integration time for each teleportation measurement is about 10 hours. As shown in Fig. 4b , in every polarization analysis measurement the fivefold coincidence rate is about 100 for the maximum (desired) component and 20 for the minimum (non-desired) component per 10 hours. The experimental fidelities of teleportation from photon 1 to photon 5 and from photon 1 to photon 4 for þ /2 linear and R/L circular polarization states are shown in Table 1 . From Table 1 , one can see that all the observed teleportation fidelities (,0.80^0.04) are well above the classical limit of two-thirds, hence fully demonstrating opendestination teleportation.
Although compared to the previous experiments 1,4,29 our experimental demonstration of five-photon entanglement and opendestination teleportation might seem to be only a modest step forward, the implications are profound. First, our experiment has demonstrated the ability to manipulate five-particle entanglement, which is the threshold number of qubits required for universal error correction 7, 8 . Second, the realization of open-destination teleportation opens up new possibilities for distributed quantum information processing 9, 10 . Last, the techniques developed in the present experiment enable experimental investigations of a number of quantum protocols. Whereas our high-intensity three-photon entanglement source immediately allows an experimental realization of quantum secret sharing 13, 14 , the five-photon experimental set-up that we report here should also allow experimental demonstrations of both bit-flip error rejection for quantum communication 19 and a non-destructive CNOT gate for quantum computation 30 . A 
